Body temperature (Tb) measurements after exposure to air temperatures (Ta) of 20 C or 27 C for 2 h in conjunction with metabolism measurements were used to describe the timing of and basis for developing temperature regulation in nestling swallows. As growth proceeds from hatching to 10 g there is a gradual increase in the Tb after exposure to low Ta. As growth continues beyond this point, the ability of nestlings to maintain Tb above Ta The major conclusions of this study are: (1) in bank swallows, mass is a better predictor of thermoregulatory ability than age; (2) conductance values are influenced mostly by increasing mass, whereas the developing plumage during the nestling period does not significantly retard heat loss; (3) apparent improvement in thermoregulation with growth in nestlings weighing less than 10 g is due to changes in passive resistance to cooling, not improvement in active metabolic regulation; and (4) active metabolic regulation develops rapidly as nestlings increase in mass above 10 g.
implicated improving thermogenic capacities and a declining surface-to-volume ratio due to increasing mass as the most important factors. Ricklefs (1974) , on the other hand, has emphasized the importance of insulation. Such judgments have been hampered by a lack of adequate quantification of the thermal characteristics of nestlings. Insulation has been assessed by examining feather growth, but the measurement of feather length gives little information regarding the quality of insulation provided by the developing feathers. It is 340 difficult to determine from existing data whether the limited thermoregulatory capacities of young nestlings are a result of a lack of metabolic response or are simply due to high rates of heat loss.
The present investigation of development in nestling bank swallows (Riparia riparia) seeks to pinpoint both the timing of and basis for improving temperature regulation in this altricial passerine. Specifically, I have asked: (1) What are the relative roles of thermogenesis and decreasing conductance in the development of temperature regulation, and (2) is the development of the regulatory response to low temperatures a continuous process or are there critical periods during which improvement occurs?
MATERIAL AND METHODS
Bank swallows were studied during June and July, 1973 and 1974. Nestlings were obtained from two colonies located in sandpits near Ann Arbor, Washtenaw County, Michigan. Hatching was monitored using a 3-ft wooden dowel with a dental mirror mounted on the end. The burrow was illuminated with a bulb from a penlight flashlight mounted on the dowel approximately 1 inch from the mirror and wired to a 3-V dry cell. The small diameter of the nest holes made it necessary to enlarge the burrows with a trowel before removing or replacing the young. After removal or replacement of the young, the burrows were restored to approximately their original diameter by filling with packed, moist sand. Burrows which were not refilled were subject to higher rates of predation. The nestlings were transported to and from the laboratory in covered styrofoam bowls ("China-foam," Atlantic Richfield). Measurements in the laboratory commenced within 40 min after removal from the nest, and the young were returned to the nest within 4 h of the time of removal. At least 3 days elapsed between successive removals of nestlings from any single burrow. Nestlings from a given brood were used no more than three times during the nestling period and, in many cases, were employed only once. The nestlings were not individually marked. At least two nestlings were left in a burrow while laboratory measurements were performed on their siblings. The most common brood size encountered was 5, with a range of 4-7. In all, 161 individuals from 78 nests were used for the various measurements.
Thermoregulatory capacities were assessed by exposing the nestlings to Ta's of 20 C or 27 C in constant-temperature cabinets. Birds were placed individually in open styrofoam bowls (approximately 0.3 cm thick) lined with a double layer of cheesecloth. Nestlings which had cooled during transport to the laboratory were rewarmed to 37 C before the tests. Body temperatures after 2 h were determined orally by inserting a thermistor probe (Yellow Springs Instruments, no. 402, connected to a YSI telethermometer) down the esophagus and into the proventriculus.
Measurements of oxygen consumption (Vo,) involved an open flow system containing a Beckman G-2 paramagnetic oxygen analyzer. The animals were placed, individually, in metabolism chambers fashioned from half-gallon paint cans with the inner surfaces painted flat black. The tops of the chambers contained inlet and outlet ports. Air temperature within the cans was monitored with 30-gauge copper-constantan thermocouples extending approximately 1 cm inside the outlet port. The thermocouples were connected to a Honeywell 15 multipoint recording potentiometer. Temperature control was achieved by maintaining the chambers in a constant-temperature cabinet. The animal rested on a double layer of cheesecloth which covered a styrofoam bowl placed in the bottom of the can. Flow rates were monitored upstream by a rotameter (Brook's Instruments) and ranged from 96 to 400 ml/min among the various tests. (The lower flow rates were used with the smaller nestlings.) Calculations of Vo, were made according to the method of Hill (1972) and results were converted to cal (g .h)-1 by using a conversion factor of 4.8 cal (cm3 02)-1. Except in the cooling-curve measurements outlined below, the reported values are means of three measurements taken during the last 30 min of a 2-h run or the final rate at 2 h if the rate was declining during the last 30 min. The various measurements were obtained from 1100 to 1800 EST. The values designated at standard metabolic rates (SMR) met the following criteria: Tb upon removal from the test chamber was 35.9 to 40.5 C; no activity or panting was evident at the conclusion of the tests. To meet these criteria the smaller nestlings had to be exposed to warmer Ta's than the larger nestlings. Air temperatures among all the tests measuring SMR ranged from 32 to 38 C. Although the definition of SMR in growing nestlings before the development of endothermy is ambiguous, my criteria are consistent with current usage (cf. Hudson, Dawson, and Hill 1974).
During some measurements of metabolic rate at a Ta of 20 C, body temperature was monitored continuously in order to generate a cooling curve. Thermocouples made from 0.1 mm copper and constantan wires and covered with 0.6 mm (outside diameter) polyethylene tubing were inserted 15 to 20 mm into the cloaca. They were held in place with a piece of adhesive tape placed in a semicircle around the cloaca and pinched tightly on the leads. Sufficient slack was allowed in the thin leads to allow the bird to move around in the chamber and assume a normal position. The position of the thermocouple was checked at the end of the run, and if it had been dislodged completely or partially the run was discounted.
The amount of lag and washout time in the system used for simultaneous Tb and metabolism measurements was determined by injecting aliquots of helium into a chamber at each of the flow rates used and measuring the time to the first response of the analyzer and the time to purge the system. In all cases, the rate of change of oxygen consumption measured in the runs with nestlings was slower than the washout rate. The lag was 1-3 min, depending on the flow rate used.
Body mass was determined by weighing nestlings to the nearest 0.1 g on a triple beam balance. Body masses used in construction of the growth curve were determined upon arrival in the laboratory; otherwise the mean of the masses at the beginning and end of the particular test was used in calculations and statistical correlations. Feather length was measured with a ruler to the nearest millimeter.
RESULTS

BODY MASS
Growth in body mass in bank swallows ( fig. 1) (1955) (fig. 1 ). Petersen's growth curve shows an unexplained slowing of growth from day 2 to day 4. The growth rate observed for the bank swallow is in accord with other swallow species studied to date (see summary in Ricklefs [1968] ). Thus it may be concluded that my activities at the bank swallow colonies did not interfere substantially with the normal growth pattern in this species.
CONDUCTANCE
In assessing the developmental patterns noted thus far it is important to have some estimates of the rates of heat loss by the nestlings under the conditions of this study. Conductances (heat transfer coefficients) were calculated in two ways. For nestlings capable of maintaining a steady state after 2 h such that Tb was considerably above Ta, the usual steady state formula for calculating conductance was used:
where C is conductance, M is metabolic heat production (not corrected for evaporative water loss). This formula cannot be used for young nestlings which cool appreciably during the course of the experiment for two reasons: (1) if the nestlings are still cooling after 2 h the use of this formula will underestimate the rate of heat loss, and (2) 
where C' is the apparent conductance calculated from the time constant of the cooling curve, and P is the slope of Tb versus M measured while the nestling cools. The C' was calculated using the program (Newton II) developed by Bakken (1976) for cooling-curve analysis. The program determines the time constant (from which C' can be calculated) from a plot of In (Tb-Tbeq) versus time. The Tbeq is determined by an iterative procedure which maximizes the correlation between In (Tb-Tbe q) and time. The C' was determined for the section of the cooling curve for which simultaneous metabolic measurements were available, unless this value did not differ significantly from the value for the entire curve. In practice, the cooling curves for the nestlings weighing less than 10 g were smooth and the whole curve was used. Metabolic rate varied linearly over the range of body temperatures used in the cooling-curve analysis ( fig. 7) , and thus satisfied a necessary requirement for using equation (10) -tC'/c, ,
where Tbeq is estimated as above, Tbi is the initial body temperature (37 C), C' = C -P with units of cal (g.h.OC)-1, t is the time in hours, and c, is the specific heat capacity, taken to be 0.82 cal (g.oC)-. The results of these calculations for bank swallows are presented in figure  4B . Recall that these calculated Tb'S assume that the nestlings have passively cooled at 20 C for 2 h. The dramatic changes in the calculated Tb, with mass serve to illustrate the irrelevance of Ta as a reference temperature in the type of measurements undertaken in this study. In marked contrast to the large increase in the calculated Tb, for live nestlings with increasing mass, a 17-g nestling with no metabolic heat production would be expected to reach a Tb Of 20.3 C after 2 h at 20 C. It can be seen from these calculations that the reduced cooling with increasing mass up to 10 g in bank swallow nestlings is to be expected, simply due to a more favorable relationship between the rate of heat loss and the mass of metabolizing tissue. Nestlings weighing greater than 10 g, on the other hand, have body temperatures much greater than expected for passively cooling individuals. Thus we can identify rather precisely that the increase in measured Tb, after 10 g is due to active metabolic regulation. It is gratifying to note the degree of correspondence between the calculated line and the measured Tb's of bank swallows weighing less than 10 g. (Tb's reported in fig. 4 are independent of the cooling curve and metabolism measurements used in figs. 7 and 8 on which the calculations are based.) METABOLIC 
RATE
That active regulation begins at approximately 10 g is supported by the data on metabolic rate after 2 h at 20 C (M2) (see fig. 5 ). Nestlings weighing less than 10 g have metabolic rates which appear to reflect the Tb to which they have cooled (cf. figs. 4, 5, 6 ). In contrast, the M2 of nestlings weighing 14 g or more is approximately double the SMR and reflects their homeothermic condition (fig. 4) . These metabolic data in conjunction with the body temperature measurements suggest a total lack of metabolic response to cold in young nestling bank swallows; however, there is the possibility that a relatively weak metabolic response would be missed under the conditions employed. Hill (1976) has shown that when tested in groups with an artificial nest, deer mice (Peromyscus leucopus) show a homeothermic response at an early age, whereas mice of the same age tested individually cool rapidly. On the other hand, Mertens (1977) found that nestling great tits (Parus major) tested as whole broods in nest boxes had no detectable metabolic response before the individual had attained a mass of approximately 8 g (5-6 days of age). 
